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I G N I T I O N  PROPERTIES OF METALS 
Dur ing  t h e  o x i d a t i o n  o f  meta ls  t h a t  precedes i g n i t i o n ,  t h e  p roduc ts  adhere 
t o  t h e  meta l  su r faces  as s o l i d  o x i d e  coa t ings .  I f  t h e  o x i d e  coa t ings  a r e  tough 
and imperv ious  t o  oxygen, they  can i n h i b i t  f u r t h e r  o x i d a t i o n  and subsequent 
i g n i t i o n  o f  me ta l s .  For example, t h e  i g n i t i o n  temperatures o f  meta ls  have been 
observed t o  remain unchanged o r  even inc rease  as oxygen p ressu re  i s  inc reased 
( r e f .  151) .  Oxide coa t ings  can a f f e c t  t h e  i g n i t i o n  temperatures o f  meta ls  by 
changing t h e  o v e r a l l  o x i d a t i o n  k i n e t i c s  o f  t h e  meta ls  and/or a c t i n g  as a phys- 
i c a l  b a r r i e r  s e p a r a t i n g  t h e  unreac ted  p o r t i o n s  o f  t h e  meta l  f rom t h e  surround-  
i n g  oxygen ( r e f .  152). 
The e f f e c t s  o f  o x i d e  c o a t i n g s  on t h e  o x i d a t i o n  o f  meta ls  a r e  complex, and 
e n t i r e  t e x t s  have been w r i t t e n  on t h e  s u b j e c t  ( r e f s .  153 and 154) .  Laurendeau 
( r e f .  151) c a t e g o r i z e d  o x i d e  coa t ings  as e i t h e r  be ing  p r o t e c t i v e  o r  nonprotec-  
t i v e .  O x i d a t i o n  r a t e s  f o r  meta ls  t h a t  f o rm p r o t e c t i v e  c o a t i n g s  a r e  dependent 
on e l e c t r i c  f i e l d - i n d u c e d  t r a n s p o r t  o f  meta l  i o n s  th rough n- o r  p- o x i d e  c o a t -  
i n g ,  oxygen d i f f u s i o n  a long  pores i n  ox ide  coa t ings ,  and o t h e r  mechanisms 
( r e f .  155) .  Meta ls  t h a t  f o rm n o n p r o t e c t i v e  ox ide  coa t ings  a c t  as i f  they  have 
f r e s h  meta l  su r faces ,  and t h e  o x i d a t i o n  r a t e s  a r e  dependent on p h y s i c a l  and/or 
chemical  a d s o r p t i o n  o f  oxygen on t h e  meta l  su r face .  I n  genera l ,  o x i d a t i o n  
r a t e s  f o r  meta ls  t h a t  fo rm p r o t e c t i v e  o x i d e  coa t ings  a r e  s lower  and l e s s  
dependent on p r e s s u r e  than o x i d a t i o n  r a t e s  f o r  m e t a l s  t h a t  f o r m  n o n p r o t e c t i v e  
ox ide  c o a t i n g s  ( r e f s .  152 and 155) .  
I n  t h e  case o f  o x i d e  c o a t i n g s  a c t i n g  as p h y s i c a l  b a r r i e r s ,  t h e  i g n i t i o n  
p r o p e r t i e s  o f  z inc  p r o v i d e  an e x c e l l e n t  example. The o x i d e  c o a t i n g  produced 
by z i n c  encapsulates t h e  unreacted z inc ,  s e p a r a t i n g  i t  f rom t h e  sur round ing  
oxygen. A s  t h e  tempera ture  i s  inc reased i n  a s t a t i c  system, t h e  vapor p res-  
sure  o f  z inc  w i l l  e v e n t u a l l y  exceed t h e  s t r e n g t h  o f  t h e  o x i d e  c o a t i n g .  The 
o x i d e  c o a t i n g  f a i l s ,  r e l e a s i n g  z inc  vapor, which immedia te ly  i g n i t e s  w i t h  t h e  
su r round ing  oxygen. I n c r e a s i n g  t h e  sur round ing  oxygen p ressu re  r e q u i r e s  a 
g r e a t e r  vapor p ressu re  o r  temperature t o  f a i l  t h e  o x i d e  c o a t i n g ,  wh ich  r e s u l t s  
i n  an apparent  i nc rease  i n  t h e  z inc  i g n i t i o n  temperature.  I n  a s t a t i c  system, 
aluminum w i l l  i g n i t e  when t h e  m e l t i n g  tempera ture  o f  i t s  ox ide  i s  ach ieved.  
The i g n i t i o n  temperature o f  aluminum as oxygen p ressu re  i s  inc reased remains 
e s s e n t i a l l y  cons tan t ,  s i n c e  t h e  m e l t i n g  temperature o f  t h e  o x i d e  i s  independ- 
e n t  o f  p ressure .  
Dynamic c o n d i t i o n s  t h a t  a r e  c h a r a c t e r i s t i c  o f  many i g n i t i o n  s i t u a t i o n s  
can compromise t h e  p r o t e c t i v e n e s s  o f  t h e  ox ide  c o a t i n g s  and cause a decrease 
i n  t h e  temperatures o r  energy i n p u t s  r e q u i r e d  f o r  i g n i t i o n .  For example, t h e  
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i g n i t i o n  temperature o f  aluminum determined i n  s t a t i c  bomb t e s t s  was a p p r o x i -  
ma te l y  2100 K ( r e f .  151), whereas, i n  f r i c t i o n a l  h e a t i n g  t e s t s  where samples o f  
aluminum were rubbed t o g e t h e r ,  aluminum i g n i t e d  a t  temperatures below 700 K 
( r e f .  156).  Another example i s  aluminum samples t h a t  were impacted w i t h  s i n -  
g l e  s t a i n l e s s  s t e e l  p a r t i c l e s  ( r e f .  157) .  The t o t a l  k i n e t i c  energy o f  t h e  
p a r t i c l e s  was l e s s  t h e n  0 . 8  J ,  and o n l y  a smal l  p o r t i o n  o f  t h i s  energy was 
conver ted  t o  heat .  The r e s u l t s  i n d i c a t e d  t h a t  aluminum i g n i t e d  a t  b u l k  tem- 
p e r a t u r e s  below 650 K .  I t  i s  b e l i e v e d  t h a t  d u r i n g  t h e  impact  process t h i n  
f i b e r s  o f  f r e s h  aluminum meta l  were produced, which i g n i t e d  and caused combus- 
t i o n  o f  t h e  e n t i r e  samples. Thus, i t  i s  i m p o r t a n t  t h a t  t h e  source o f  t h e  
energy s t i m u l u s  be c a r e f u l l y  cons idered t o  a s c e r t a i n  t h e  e f f e c t s  t h e  s t i m u l u s  
w i l l  have on t h e  p r o t e c t i v e n e s s  o f  o x i d e  c o a t i n g s .  
An inc rease  i n  oxygen pressure  has, f o r  many years,  been viewed as caus- 
i n g  an i n c r e a s e  i n  t h e  p o t e n t i a l  f o r  meta ls  t o  i g n i t e .  Tests  conducted a t  t h e  
NASA Whi te  Sands l e s t  F a c i l i t y  ( W S T I ) ,  i n  which meta ls  were rubbed a g a i n s t  
themselves i n  oxygen, have r e v e a l e d  t h a t  i n c r e a s i n g  oxygen pressure  does n o t  
always i nc rease  t h e  p o t e n t i a l  f o r  i g n i t i o n .  I t  i s  b e l i e v e d  t h a t  t h e r e  e x i s t s  
s p e c i f i c  p ressures ,  above which, convec t i ve  heat  l o s s  due t o  t h e  h i g h e r  oxygen 
d e n s i t y  w i l l  overcome t h e  p o t e n t i a l  i nc rease  i n  t h e  o x i d a t i o n  r a t e  a f f o r d e d  by 
t h e  i n c r e a s e  i n  oxygen pressure .  Test  r e s u l t s  have shown t h a t ,  once a s p e c i -  
f i c  oxygen p ressu re  was exceeded, g r e a t e r  r a t e s  o f  f r i c t i o n a l  energ ies  were 
r e q u i r e d  f o r  i g n i t i o n  o f  m e t a l s  as p ressure  was increased ( r e f .  1 5 6 ) .  Other 
t e s t  r e s u l t s  have i n d i c a t e d  t h a t  as oxygen pressure  was increased d u r i n g  t h e  
r u b b i n g  process,  t h e  b u l k  sample e q u i l i b r i u m  temperatures decreased. These 
r e s u l t s  suppor t  t h e  b e l i e f  t h a t  inc reases  i n  convec t i ve  h e a t  l o s s  as p ressu re  
i s  i nc reased  can r a i s e  t h e  energy requi rements f o r  i g n i t i o n  o f  me ta l s  o r  lower  
t h e i r  i g n i t i o n  p o t e n t i a l s .  l e s t i n g  has a l s o  i n d i c a t e d  t h a t ,  when m e t a l s  were 
exposed t o  a r u b b i n g  process and oxygen p ressu re  was increased,  m e t a l s  such as 
carbon s t e e l  e x h i b i t e d  a decrease i n  t h e i r  b u l k  i g n i t i o n  temperature,  whereas 
o t h e r  m e t a l s  such as Monel showed b u l k  i g n i t i o n  temperatures independent o f  
p ressure .  I t  i s  b e l i e v e d  t h a t  these r e s u l t s  r e f l e c t  t h e  a b i l i t y  o f  c e r t a i n  
m e t a l  o x i d e s  t o  r e t a i n  t h e i r  p r o t e c t i v e n e s s  even under dynamic c o n d i t i o n s .  A 
t e s t  e f f o r t  a t  WSTF i s  p r e s e n t l y  b e i n g  conducted t o  de termine i f  s i m i l a r  p r e s -  
s u r e  e f f e c t s  observed I n  t h e  f r i c t i o n a l  h e a t i n g  t e s t s  a r e  a l s o  c h a r a c t e r i s t i c  
o f  o t h e r  i g n i t i o n  sources, such as i g n i t i o n  o f  meta ls  by impact  o f  p a r t i c l e s  
e n t r a i n e d  i n  f l o w i n g  oxygen a t  h i g h  v e l o c i t i e s .  
COMBUS 1 I O N  PROPER1 I E S  OF M t l  ALS 
Meta ls  can b u r n  as e i t h e r  vapors o r  l i q u i d s .  T h i s  appears t o  be r e l a t e d  
t o  t h e  b o i l i n g  p o i n t s  and f lame temperatures o f  m e t a l s .  A comparison o f  these 
p r o p e r t i e s  i s  l i s t e d  i n  t a b l e  I f o r  aluminum t h a t  burns as a vapor and i r o n  
t h a t  burns as a l i q u i d .  1-he f lame temperatures o f  m e t a l s  a r e  l i m i t e d  by 
en tha lpy  c o n s i d e r a t i o n s  a t  t h e  meta l  o x i d e  b o i l i n g  p o i n t s  ( r e f .  152) .  
I n  b u r n i n g  o f  b u l k  meta ls  such as s o l i d  meta l  rods ,  measur ing burn  propa 
g a t i o n  r a t e s  ( V )  can a i d  i n  t h e  unders tand ing  o f  t h e  combust ion p r o p e r t i e s  o f  
m e t a l s .  Meta l  rods i n  a v e r t i c a l  p o s i t i o n  and i g n i t e d  a t  t h e  t o p  (downward 
p ropaga t ion )  e x h i b i t  V I S  which were g e n e r a l l y  g r e a t e r  t h a n  V i s  f o r  t h e  same 
m e t a l  rods l g n i t e d  a t  t h e  bo t tom (upward p ropaga t ion ) .  The e f f e c t  f o r  t h e  
l a r g e r  V ' s  observed f o r  downward propagat ions  was a t t r i b u t e d  t o  h o t  mo l ten  
mass (produced f rom combust ion)  t h a t  had d r i p p e d  down t h e  rods and preheated 
o r  i g n i t e d  t h e  unreac ted  p o r t i o n s  o f  t h e  rods ( r e f .  158) .  I n  t h e  case o f  
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upward propagat ions ,  t h e  h o t  mo l ten  masses a t tached  themselves t o  t h e  bo t tom 
o f  t h e  rods and were h e l d  by su r face  t e n s i o n .  A s  t h e  s i z e  o f  t h e  mol ten  masses 
inc reased,  t h e  we igh t  o f  t h e  mol ten  masses e v e n t u a l l y  exceeded t h e  f o r c e  o f  t h e  
s u r f a c e  t e n s i o n  h o l d i n g  t h e  mol ten  masses t o  t h e  rods .  The mol ten  masses 
detached f rom t h e  rods and dropped away f r o m  t h e  rods .  
t o  suppor t  combustion o f  t h e  rods was l i m i t e d  t o  t h e  c r o s s - s e c t i o n a l  area a t  
t h e  mo l ten  mass/rod at tachment  p o i n t s .  
Heat t r a n s f e r  r e q u i r e d  \\ 
\ 
Much has been learned about  t h e  o v e r a l l  combustion process o f  b u l k  meta ls  
by s t u d y i n g  t h e  upward bu rn  p ropaga t ion  o f  s o l i d  meta l  rods .  The t r a n s f e r  o f  
heat ,  r e q u i r e d  t o  suppor t  combustion o f  t h e  rod, i s  b e l i e v e d  t o  occur a t  t h e  
i n t e r f a c e  where t h e  mol ten  mass a t taches  i t s e l f  t o  t h e  rod .  Temperature d i f -  
fe rences  generated by t h e  h o t  mo l ten  mass and t h e  r e l a t i v e l y  c o l d e r  s o l i d  rod  
a r e  b e l i e v e d  t o  cause convec t i on  c u r r e n t s  i n  t h i s  r e g i o n  and p r o v i d e  t h e  domi- 
nan t  mechanism f o r  heat  t r a n s f e r  ( r e f .  159) .  A l l  o t h e r  heat  t r a n s f e r  pa ths  
such as r a d i a t i o n  o r  conduct ion  w e r e  cons idered t o  be n e g l i g i b l e .  
Detachment o f  mo l ten  masses f rom t h e  rod  appeared t o  have very l i t t l e  
e f f e c t  on t h e  V observed f o r  m i l d  s t e e l  t h a t  burns as a l i q u i d  ( r e f .  160) .  
However, i n  t h e  case o f  aluminum, which burns as a vapor, V was observed t o  
be h i g h l y  dependent on t h e  detachment o f  t h e  mol ten  mass ( r e f .  158) .  The V 
appeared t o  be a t  a maximum d u r i n g  t h e  i n i t i a l  growth o f  t h e  mol ten  mass. A t  
some p o i n t  i n  t h e  growth  o f  t h e  mol ten  mass, V decreased t o  a sma l le r  va lue  
and cont inued a t  t h i s  s m a l l e r  va lue  u n t i l  detachment o f  t h e  d r o p l e t  aga in  
occurred;  t h e  c y c l e  then repeated i t s e l f .  The decrease i n  V was a t t r i b u t e d  
t o  t h e  f o r m a t i o n  o f  vapor aluminum bubbles as t h e  mo l ten  mass temperature 
reached t h e  b o i l i n g  p o i n t  o f  aluminum. These vapor bubbles were b e l i e v e d  t o  
have lowered t h e  hea t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  mo l ten  mass/rod boundary 
l a y e r .  The f o r m a t i o n  o f  vapor bubbles p robab ly  a l s o  hastened t h e  detachment 
o f  t h e  mo l ten  mass by l o w e r i n g  t h e  su r face  t e n s i o n  o f  mo l ten  mass. 
As  t h e  d iameters  o f  t h e  rod  were inc reased,  V decreased f o r  meta ls  t h a t  
bu rn  as l i q u i d s  and vapors ( r e f s .  158 and 161) .  The decrease i n  V was 
a t t r i b u t e d  t o  g r e a t e r  conduc t i ve  heat  l o s s  th rough t h e  rod  as compared t o  t h e  
i n c r e a s e  i n  hea t  generated by combustion as t h e  d iameter  o f  t he  rods w e r e  
i n c r e a s e d .  
l h e  e f f e c t s  o f  i n c r e a s i n g  oxygen p ressu re  on V aga in  depended on whether 
t h e  me ta l s  bu rn  as l i q u i d s  o r  vapors.  Meta ls  t h a t  burn  as l i q u i d s  e x h i b i t e d  
i nc reases  i n  V as p ressu re  was increased,  and t h i s  was a t t r i b u t e d  t o  t h e  
i n c r e a s e  i n  t h e  o x i d a t i o n  r a t e  ( r e f s .  160 and 162) .  However, i n  the  case o f  
aluminum t h a t  burns as a vapor, V was observed t o  i nc rease ,  decrease, and 
then  i n c r e a s e  as p ressu re  was increased ( r e f s .  158 and 161) .  Sato e t  a l .  
( r e f .  158)  a t t r i b u t e d  t h i s  v a r i a t i o n  i n  V t o  t h e  combina t ion  o f  an i n c r e a s e  
i n  t h e  b o i l i n g  temperature o f  aluminum and an i nc rease  i n  t h e  h e a t i n g  r a t e  o f  
t h e  mo l ten  mass. Both these e f f e c t s  w i l l  change t h e  t i m e  r e q u i r e d  t o  reach 
t h e  b o i l i n g  p o i n t  o f  aluminum. 
POSSIBLE E F F E C I S  O F  Z k R O  GRAVIIY ON IGNI'IION AND COMUUSlION 
P R O P t H  I I t S  OF Mk 1 A I  S 
The e f f e c t s  o f  zero g r a v i t y  on the  i g n i t i o n  c h a r a c t e r i s t i c  o f  meta ls  w i l l  
p robab ly  be sma l l ,  s i n c e  many o f  t h e  i g n i t i o n  sources observed i n  r e a l  systems 
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i n v o l v e  dynamic c o n d i t i o n s ,  such as f r i c t i o n a l  h e a t i n g  produced i n  r u b b i n g  
processes, impact  o f  p a r t i c l e s ,  and a d i a b a t i c  compression i g n i t i o n  o f  o i l  o r  
so f t -goods ,  which i n  t u r n  i g n i t e  meta ls  ( k i n d l i n g  c h a i n ) .  S ince  t h e  p r e -  
i g n i t i o n  o x i d a t i o n  p roduc ts  a r e  s o l i d s ,  convec t i ve  mass t r a n s f e r  near  t h e  meta l  
sur faces  does n o t  appear t o  be i m p o r t a n t  i n  t h e  o x i d a t i o n  k i n e t i c s  i n  normal 
g r a v i t y ,  and thus  t h e  e l i m i n a t i o n  o f  g r a v i t y  should have no e f f e c t .  However, 
i n  s t a t i c  systems where heat  t r a n s f e r  due t o  f r e e  convec t i on  i s  i m p o r t a n t ,  
changes i n  t h e  i g n i t i o n  process may occur  when g r a v i t y  i s  e l i m i n a t e d .  
~ A1 uml num I r o n  
Meta l  m e l t i n g  temperature,  K 932 1860 
Meta l  b o i l i n g  temperature,  K 2720 31 60 
Oxide m e l t i n g  temperature,  K 2323 1700 ( FeO) 
1900 (Fe3O4) 
Oxide b o i l i n g  temperature,  K 3800 2070 (FeO) 
3690 (Fe3O4) 
Flame temperature,  K 3300 3000 
Combustion t e s t s  per formed i n  normal g r a v i t y  may n o t  be i n  some cases 
adequate f o r  d e s c r i b i n g  t h e  combust ion p r o p e r t i e s  i n  zero  g r a v i t y .  I n  s t a t i c  
systems under normal g r a v i t y ,  d i f f e r e n c e s  a r e  observed f o r  upward and downward 
b u r n i n g  o f  meta ls ,  and e l i m i n a t i o n  o f  g r a v i t y  w i l l  most l i k e l y  produce l a r g e  
changes i n  these combust ion p r o p e r t i e s .  For example, i n  zero g r a v i t y ,  t h e  
mo l ten  mass w i l l  n o t  de tach  and f a l l  away f r o m  t h e  r o d  as observed i n  upward 
propagat ion ,  and t h e  mo l ten  mass w i l l  n o t  d r i p  down t h e  rods as observed i n  
downward p ropaga t ion .  I n  zero  g r a v i t y ,  t h e  mo l ten  mass w i l l  p robab ly  c o n t i n u e  
t o  grow a t  t h e  s u r f a c e  o f  meta l ,  and t h e  e f f e c t i v e  a rea  f o r  heat  t r a n s f e r  may 
inc rease  f r o m  t h a t  observed i n  upward p ropaga t ion  i n  normal g r a v i t y .  However, 
e l i m i n a t i o n  o f  g r a v i t y  w i l l  e l i m i n a t e  t h e  convec t i ve  c u r r e n t s  a t  t h e  i n t e r f a c e  
boundar ies,  and heat  t r a n s f e r  may have t o  occur  by some s lower  mechanisms such 
as conduc t ion  o r  r a d i a t i o n .  I n  t h e  case o f  meta ls  t h a t  burn  as vapors,  i t  i s  
u n c l e a r  a t  t h i s  t i m e  how t h e  vapor bubbles i n  t h e  mo l ten  mass w i l l  behave. 
I n  dynamic systems, many o f  t h e  e f f e c t s  t h a t  zero g r a v i t y  may have on t h e  
combust ion p r o p e r t i e s  o f  m e t a l s  may be smal l  compared t o  t h e  dominant e f f e c t s  
t h e  dynamic c o n d i t i o n s  w i l l  have on t h e  combust ion process.  
When i g n i t i o n  and combust ion o f  meta ls  a r e  compared, combust ion appears 
t o  be i n h e r e n t l y  more s u s c e p t i b l e  t o  t h e  e f f e c t s  o f  zero  g r a v i t y ;  and, i f  
t e s t i n g  i n  z e r o  g r a v i t y  i s  p lanned, combust ion t e s t s  should be c a r r i e d  o u t  
f i r s t  as opposed t o  i g n i t i o n  t e s t s .  
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